[1] Extensive and long-term multistation measurements of aerosol properties and radiative fluxes were carried out in the haze plume off the South Asian continent. These experiments are carried out at Kaashidhoo Climate Observatory (KCO) (4.95°N, 73.5°E), Minicoy (8.5°N, 73.0°E), and Trivandrum (8.5°N, 77.0°E). In addition, the top of the atmosphere fluxes were measured simultaneously by the CERES radiation budget instrument. Long-term observations (more than 15 years) over Trivandrum show that there is a gradual increase in aerosol visible optical depth from $0.2 in 1986 to $0.4 in 1999. Pre-and post-monsoon aerosol characteristics are examined to study the seasonal variations. The impact of aerosols on short-wave radiation budget is estimated using direct observations of solar radiation using several independent ground-based radiometers and satellite data as well as from modeled aerosol properties. It was observed that ''excess absorption'' is not needed to model diffuse fluxes. The lower atmospheric heating due to absorbing aerosols was as high as $20 W m À2 which translates to a heating rate perturbation of $0.5°K/day. The effect of aerosol mixing state (internally and externally) on aerosol forcing appears to be negligible. A sensitivity study of the effect of aerosols over land in contrast to that over the ocean shows an enhancement in lower atmosphere heating by about 40% simultaneous with a reduction of $33% in surface cooling. Increasing sea-surface winds increase aerosol cooling due to increased sea salt aerosol concentrations, which can partly offset the heating effect due to absorbing aerosols.
Introduction
[2] The International Indian Ocean Experiment (INDOEX) was a field experiment in the Indian Ocean whose purpose was to assess the importance of anthropogenic aerosols from the Asian landmass on global radiative forcing and resulting solar absorption both at the Earth's surface and at the top of the atmosphere [Ramanathan et al., 1995 . During INDOEX extensive observations of aerosol haze over the tropical northern Indian Ocean were carried out. The integration of INDOEX data sets, platforms and overview of the experiment are discussed by Ramanathan et al. [2001] . In a recent paper, Lelieveld et al. [2001] reported aerosols cause air quality degradation in the Asian region during winter and that the presence of aerosols may have an impact on ozone production in this region. In another paper, Chameides et al. [1999] examined the impact of haze (caused by aerosols) on rice and wheat production in China. They showed a decrease in solar radiation at the surface (due to aerosols) has a direct impact on rice and wheat production. They report a 5 to 30% reduction in solar radiation caused a decrease in the yield in crops in China by 5 to 30%. In addition, radiative forcing by anthropogenic aerosol particles is one of the largest sources of uncertainty in projecting climate change [Charlson et al., 1992; Kiehl and Breigleb, 1993; Intergovernmental Panel on Climate Change, 1995] .
[3] The INDOEX precampaign started in 1996 and results of these and the preliminary investigations made onboard the scientific cruises in 1996 and 1997 are available Satheesh et al., 1998; Meywerk and Ramanathan, 1999] . The first field phase (FFP) of INDOEX took place during February and March 1998 and the intensive field phase (IFP) took place from January to March, 1999 . The role of anthropogenic aerosols from Asia in modifying aerosol properties over the northern Indian Ocean and its radiative and microphysical consequences are better understood with the aid of the extensive observations carried out during the INDOEX in its both field phases. Several findings have already been reported [Satheesh et al., 1999; Satheesh and Ramanathan, 2000; Ramanathan et al., 2001] .
[4] In this paper we examine the physical, chemical and radiative properties of aerosols over the Indian Ocean based on a variety of ground-based measurements made principally from Kaashidhoo Climate Observatory (KCO) as well as data available from the two other surface stations. Aerosol properties are modeled and their subsequent incorporation into a radiative transfer model faithfully reproduced the observed aerosol optical properties and radiative fluxes. The effect of sea-surface winds in modifying the aerosol forcing is examined and the results are discussed.
Experimental Setup and Data
[5] Extensive measurements are carried out at KCO, established in 1998 by Center for Clouds, Chemistry and Climate (C 4 ), as a part of the INDOEX at Kaashidhoo island of Republic of Maldives (see Ramanathan et al. [1995 Ramanathan et al. [ , 1996 Ramanathan et al. [ , 2001 and Satheesh et al. [1999] for more details). Pre-INDOEX cruises during 1996 and 1997 and the first field phase (FFP) during 1998 have clearly established that sulfate and other continental aerosols are transported thousands of kilometers into the equatorial Indian Ocean (as far south as 5°S). These aerosol particles cause a significant reduction in solar radiation at the ocean surface Satheesh et al., 1998; Jayaraman et al., 1998; Krishnamurti et al., 1998; Meywerk and Ramanathan, 1999] . The KCO is down wind of the Indian Subcontinent and is influenced by two contrasting air masses (continental and marine) associated with the Indian monsoon system. January to March was the experimental period during which the winds are mostly calm, and northeasterly (i.e., from the landmass) associated with the winter monsoon (also called the northeast monsoon). This weather pattern becomes established toward the end of November and continues till April [Das, 1986; Ramanathan et al., 1996 Ramanathan et al., , 2001 .
[6] A list of instruments used at KCO, along with their specifications, are presented in Table 1 . A detailed description of these instruments is given elsewhere [Holben et al., 1998; Satheesh et al., 1999; Meywerk and Ramanathan, 1999; Conant, 2000; Ramanathan et al., 2001] .
[7] AERONET Sun photometer is an auto tracking solar radiometer, which measures the field-limited solar radiation at eight narrow spectral bands from 340 to 1020 nm. The band at 940 nm is used for estimating the columnar water content and the other seven are used for the study of aerosols. The field-of-view (which determines the amount of diffuse radiation entering into the radiometer) of the radiometer is 1.2 degrees. This is small enough that the error caused by the diffuse light entering into the CIMEL's field of view should be less than 1% when the relative air mass (a geometrical term to account for the relative increase in the optical path length as solar zenith angle increases) is less than 2.0. The resulting uncertainty in the measured aerosol optical depth is less than ±0.01. More details about the AERONET radiometer are given by Holben et al. [1998] and Eck et al. [2001] .
[8] In addition to KCO, optical depths were regularly estimated at two stations upwind of KCO for several years as part of Indian Space Research Organisation's Geosphere Biosphere Programme (ISRO-GBP) to characterize aerosols in that region. One of the stations, Minicoy (8.5°N, 73°E), is located about 400 km north of KCO. The other, Trivandrum (8.5°N, 77°E), is located on the mainland about 500 km due east of Minicoy. Identical instruments were in regular operation since 1993 at Trivandrum and since 1995 at Minicoy (see Moorthy et al. [1999] for details). The instrument used at these stations was a Multiwavelength solar Radiometer (MWR) designed and developed at the Space Physics Laboratory (SPL) following the principle of filterwheel radiometers [Shaw et al., 1973; Moorthy et al., 1997 Moorthy et al., , 1999 . The MWR measures the field limited direct solar flux at 10 narrow wavelength bands (from 380 to 1025 nm) as a function of solar zenith angle. The MWR system has a field of view of $2.1°. The total columnar atmospheric optical depth at these wavelengths is estimated from the MWR data following the Langley technique [Shaw et al., 1973] and details are available elsewhere Moorthy and Satheesh, 2000] .
Results and Discussion

Microphysical and Optical Properties
[9] The temporal variation of the aerosol optical depth at three representative wavelengths (UV, visible and near IR regions) is shown in Figure 1 from KCO data. The large build up of aerosol optical depth was observed with time from January to April in both years, particularly in 1999. The increase is more significant at visible wavelengths compared to near IR wavelengths. The steep spectral dependence during northeast monsoon season (during the experiment) is due to the impact of submicrometer aerosols (possibly from anthropogenic sources) from the continents from where winds arrive at KCO. Scattering of radiation by aerosols at a given wavelength is strongly dependent on the aerosol size. As a result, the temporal and spatial variations in the spectral dependence of optical depths are indicative of variations in the ambient aerosol size distribution. In the absence of large concentrations of airborne dust and sea salt particles, visible wavelengths are strongly influenced by submicrometer aerosols, which are often of anthropogenic origin. At KCO, the aerosol optical depth at 500 nm varies from $0.25 in January to $0.45 in March (Table 2) . Aerosol optical depth does not change significantly from January to March at MCY (Table 2) . Back trajectory analysis show that typically MCY was influenced by air masses from the Arabian peninsula and Sahara whereas KCO was influenced by air masses from the west coast and central region of India.
[10] The spectral values of aerosol optical depth contain information about aerosol size distribution. The simplest way to describe aerosols size information is by using Angstrom power law given by,
where a is the wavelength exponent, b is the turbidity parameter and l is the wavelength in mm. The value of a depends on the ratio of the concentration of large to small aerosols and b represents the total aerosol loading in the atmosphere [Shaw et al., 1973] . The values of a and b are obtained by least squares fitting of the measured spectral optical depths in a log-log scale. An increase in a implies increase in the relative dominance of small aerosols and which in turn indicates anthropogenic influence (as most of the aerosols from anthropogenic sources are in the submicrometer range). A comparison of t a , a and b observed at KCO and Minicoy are shown in Table 2 . At KCO, the value of a increases substantially from January to March, clearly demonstrating the anthropogenic impact from the Indian subcontinent. Such systematic variation is not observed in MCY and Trivandrum. The high values of a (>1.0 most of the time) at this island location far away from the continents is surprising since the spectral variation of aerosol optical depth over oceanic regions are typically less and at a lower value of a (<0.6) . In our study the value of a was always larger than 0.6 and remained between 1.0 and 1.2.
[11] The concentration and vertical distribution of aerosol particles are important factors affecting the magnitude of the aerosol effect on radiation budget [Kristament et al., 1993] . The role of aerosols in climate forcing also depends on the underlying surface of the Earth [Heintzenberg et al., 1997] . The impact of aerosols on climate forcing is significantly different depending on whether the aerosol is concentrated above or below clouds. Thus knowledge of the vertical distribution of aerosols is critical. In addition, estimating column optical depths by vertically integrating the extinction coefficient requires knowledge of the vertical distribution of aerosol particles.
[12] The vertical distribution of aerosols are inferred using Lidar data (described by Ansmann et al. [2000] ) as well as data from the National Center for Atmospheric Research (NCAR) C-130 aircraft (described by Ramanathan et al. [2001] ). The aircraft was equipped with instruments to measure aerosol scattering and absorption coefficients. Examples of Lidar and aircraft measured extinction profiles are shown by Ramanathan et al. [2001] . Typically, two types of vertical distributions were observed: one in which the aerosol is concentrated in the boundary layer and another in which an elevated layer is observed near $2 to 3 km [Ansmann et al., 2000; Ramanathan et al., 2001] . Because of uncertainties in the Lidar and aircraft data, we did not use the measured values directly. Rather, we normalized the values at each altitude using column aerosol optical depth obtained from vertically integrating the profile and then multiplying it by the independently measured column aerosol optical depth from AERONET photometer. In other words, the measured vertical profile shape is normalized to an independently measured column optical depth. About two thirds of the time the aerosol layer at 2 to 3 km was present and one third of time the aerosol layer was concentrated in the boundary layer .
[13] Size-segregated aerosol samples were collected at KCO and subsequently analyzed chemically at University of Miami, Florida, to obtain chemical composition. The flow of sample air was controlled by a wind sensor so that whenever air came from the island or the wind speed was less than 1 m s À1 , sampling was shut down to avoid contamination from local aerosol sources. The principal chemical species in the aerosol at KCO are sulfate, ammonium, nitrate, sea salt, soot, dust and organics. The insoluble portion of the aerosol is measured as ash after combustion of the sample filter [Satheesh et al., 1999] . The measured ash is typically made up of mineral dust particles and fly ash from combustion processes. In the marine environment, nitrate is typically found associated with sea salt [Savoie and Prospero, 1982] . At KCO, nitrate had a substantial supermicrometer fraction. Thus we grouped sea salt and nitrate as single component [Satheesh et al., 1999; Ramanathan et al., 2001] . Chemical composition measurements showed that more than 80% of the sulfate and ammonium is in the submicrometer range, whereas less than 20% of the sea salt is in the submicron range. Since soot and organics were not measured at KCO, their values are obtained from coincident low altitude C-130 aircraft data from this region.
[14] The spectral extinction coefficient [E i (l)] of individual aerosol species are estimated using the Mie integral equation,
where Q ext is the aerosol extinction efficiency factor which depends on the aerosol refractive index (m), aerosol radius (r) and the wavelength of incident radiation (l); n i (r) is the measured aerosol size distribution; r a and r b are, respectively, the lower and upper radii limits of integration; and i represents different species. The corresponding column aerosol optical depths (t a ) are obtained by vertically integrating the extinction coefficient (using the C-130 and Lidar profiles described before) .
[15] The dry aerosol properties are converted to ambient relative humidity following Hess et al. [1998] . The vertical variation of relative humidity obtained from radio sonde (RS) data is taken into account while estimating the aerosol optical depth. The aerosol optical depth estimated by adding the individual species optical depth are compared with the AERONET aerosol spectral optical depth for consistency in a similar fashion as described by Satheesh et al. [1999] . The percent contribution to t a of each chemical species is shown in Figure 2 . Aerosol properties determined at sea level were integrated over the atmospheric column to estimate aerosol optical depth for each set of observations. One of the two types of aerosol vertical profiles (boundary layer or elevated layer type described in section 2) was used depending on the observation of the vertical distribution of aerosols. A complete flowchart is described in Figure 3. 
Aerosol Radiative Effects: Observations Versus Model Results
[16] The aerosol properties described above are incorporated in a Monte Carlo radiative transfer model [Podgorny et al., 1998 [Podgorny et al., , 2000 to estimate the broadband fluxes (for the wavelength bands corresponding to each instrument) at the surface and the top of the atmosphere (TOA). The band from 0.2 to 4.0 mm is divided into 38 narrow bands. The percentage contribution of different species to the aerosol optical depth (Figure 2 ) and SSA are estimated for these 38 band centers. The composite aerosol single scattering albedo (SSA) is given by where w 1l , w 2l , w 3l etc are the single scattering albedos obtained from Hess et al. [1998] and E 1l , E 2l , E 3l etc are the extinction coefficient of individual aerosol species. The Monte Carlo radiative transfer model is used, because it allows us to treat each aerosol species explicitly. The absorption due to water vapor and CO 2 are estimated by using ESFT (exponential sum fitting of transmissions) coefficients and that due to O 2 and O 3 by using the corresponding spectral absorption coefficients [Shi, 1994] . The zenith-angle dependent ocean albedo is taken from Breigleb et al. [1986] . The spectral optical depths and column water vapor (from RS profiles) are used as input. Each of the chemical species is treated separately by using the corresponding spectral phase functions and single scattering albedos for individual species [Hess et al., 1998 ]. Since sea salt and the component which consists of non-sea salt sulfate and ammonium are hygrosopic, different phase functions are used for different levels based on radio sonde profiles [Satheesh et al., 1999] .
[17] A comparison of the observed and model surface fluxes is shown in Figure 4 . For both the cases (diffuse and global), modeled values are in good agreement with observed values. The comparison shown here used wavelength-dependent single scattering albedos and phase functions for the simulation of fluxes and is more accurate than a model using a single SSA and phase function to represent the whole wavelength band used earlier. The spectral fluxes at the surface are also simulated using a radiative transfer model and are compared with the observed spectral fluxes (using spectroradiometer at KCO; listed in Table 1) [18] We compared the TOA clear-sky albedo from CERES (onboard TRMM) with model results from KCO. The CERES has a low inclination orbit and we get only one daytime measurement over the Arabian Sea (CERES on TRMM has a 10-km resolution at nadir where as the CERES instruments on Terra and Aqua have a 20-km resolution since the Terra and Aqua spacecraft orbits are approximately 2Â higher than TRMM). The following criteria were used to select the CERES data: (1) The time of CERES clear sky measurement should match the time of KCO clear sky data within 15 min, and (2) the spatial location of CERES clear sky pixel should be within 25 km of KCO. Figure 6 shows the CERES TOA albedo along with the model values as a function solar zenith angle. The data and model albedos are in excellent agreement (Figure 6 ), when the solar and satellite angles are less than 50°. For the few data points when these angles exceed 50°F igure 3. Block diagram showing the procedure of estimating the aerosol optical properties and subsequent incorporation into radiative transfer model.
(slant angles), the differences exceed 0.03. This large difference could be a result of algorithms for converting satellite radiances to fluxes being particularly prone to errors for slant solar and viewing angles. In addition, cloud contamination of scenes is more likely for slant satellite viewing angles (note that there is a systematic difference, with CERES albedos always larger for the slant angles).
[19] Aerosol single scattering albedo estimates were made using an integrating nephelometer and a Particle/Soot Absorption Photometer (PSAP) ( Table 1 ). The nephelometer measured aerosol scattering continuously. Scattering data was used only when local winds were from over the ocean unaffected by the island and >1 m s
À1
. Sampleairflow in the PSAP was controlled such that measurements were only made when the locals winds satisfied the conditions listed above. The nephelometer measured dry aerosol scattering and had to be corrected for relative humidity.
Scattering measurements were corrected for truncation by adjusting the correction described by Anderson and Ogren [1998] for the geometry of the nephelometer used in this study. PSAP data was corrected for scattering and calibration according to Bond et al. [1999] . The modeled daily mean single scattering albedo are estimated (following equation (3)) from the daily measurements of aerosol chemical composition at KCO. The modeled and observed aerosol single scattering albedos are shown in Figure 7 . The vertical bar represents the standard deviation of the daily mean measured values. The vertical bar in the upper right corner represents the average uncertainty in the estimated values. Both curves agree within uncertainty limits. The slight deviations between the two could be due to the assumptions involved in the modeled values. Figure 8 shows the comparison of the spectral variation of single scattering albedo estimated from AERONET with that estimated from model.
[20] In summary, the modeled fluxes are in excellent agreement with the observed fluxes at the surface and those at the TOA. The same is the case with the measured and modeled aerosol physical and optical properties. This supports the validity of the modeled aerosol chemical, microphysical, and radiative properties reported here.
Excess Absorption?
[21] Recent studies suggest that the clear-sky atmosphere absorbs more short-wave radiation than predicted by radiative transfer models [Arking, 1996; Kato et al., 1997; Halthore et al., 1998 ]. These investigators observed that radiative transfer models consistently overestimate surface diffuse downward irradiance in a cloud-free atmosphere by 9 to 40% at low altitude sites while correctly calculating direct normal solar irradiance. Several investigators, on the other hand, found agreement in model-observed comparisons [Cess et al., 1995; Conant et al., 1998; Kiehl et al., 1998 ]. The present study (section 3.2) shows agreement (Figure 4 ) between measured and modeled diffuse fluxes when measured aerosol properties are incorporated in to the radiative transfer model including absorbing components. Thus we do not find the need to invoke anomalous absorption to model diffuse fluxes.
Anthropogenic Contribution
[22] The contribution of various species to observed optical depth measurements is presented in Figure 2 . Here we attempt to differentiate between natural and anthropogenic sources. In a remote marine location like Kaashidhoo, naturally occurring aerosols include sea salt from bubble bursting [O'Dowd and Smith, 1993; Moorthy et al., 1997; Moorthy and Satheesh, 2000] , airborne mineral dust, and non-sea salt sulfate produced by gas-to-particle conversion of precursor gases (e.g., dimethyl sulphide or DMS) emitted from the ocean. Sea Salt contributes 11% to t a ( Figure 2) ; dust (assuming all of the measured ash is mineral dust) contributes another 12%.
[23] Non-sea salt sulfate can have both natural and anthropogenic sources. Measurements of methane sulfonic acid (MSA) from an earlier cruise in the Arabian Sea [Krishnamurti et al., 1998 ] indicate that the DMS source is very small and accounts for <20% of the observed nonsea salt sulfate aerosol. Measurements of sulfate and am- monium at KCO show that the aerosol concentration of non-sea salt sulfate is about three times that of ammonium. Thus, out of the 38% for sulfate and ammonium, sulfate (DMS and anthropogenic) contribution is about 25%. If 20% of this sulfate is from natural sources (and the balance from industrial pollution from transport), we estimate that the natural source of sulfate contributes about 5% to t a . Since we used the upper limit for natural sources, the overall contribution of natural sources is likely less than 28% (11 + 12 + 5). Thus the anthropogenic portion of the total aerosol optical depth is >70%. It is possible, even likely that a fraction of the dust is anthropogenic (e.g., fly ash, road dust) making the anthropogenic contribution greater than estimated above.
Aerosol Forcing: External Versus Internal Mixing
[24] Aerosols modify incoming solar and outgoing IR radiation. Changes to radiation fluxes caused by aerosols is referred to as ''radiative forcing.'' The effect of aerosols on TOA (top of the atmosphere) radiative fluxes is TOA radiative forcing and on surface radiative fluxes is the surface radiative forcing. The difference between the two is the atmospheric radiative forcing. In all cases, ''aerosol forcing'' is the difference in radiative fluxes with and without aerosols. Aerosol forcing can be estimated from both models and observations. The modeling approach incorporates measured aerosol properties into a radiative transfer model to estimate radiative fluxes with and without aerosols. The observational method compares measured radiative fluxes to those estimated using a model of an aerosol free atmosphere.
[25] In a recent study, following the above methods, Satheesh and Ramanathan [2000] reported the forcing efficiency (forcing per unit optical depth) at the surface to be in the range À70 to À75 W m À2 and that at the TOA to be À22 to À25 W m À2 . Table 3 summarizes aerosol forcing estimates at the surface for KCO based on a variety of instruments and models. The range of the estimates is less than 10% of the mean, confirming the robustness of these surface-forcing estimates. The average aerosol optical depth observed at KCO was $0.4 during 1999, which when multiplied with the forcing efficiency yields the actual aerosol forcing over this region, i.e., $29 W m À2 at the surface and $10 W m À2 at the TOA.
[26] A number of studies address the effect of aerosol mixing state on radiative effects and report many different opinions [Pilinis et al., 1995] . Most of the estimates of aerosol direct forcing due to absorbing aerosols assumed aerosols to be either externally mixed or well mixed components of an internal mixture. Numerous studies have shown this assumption not to be critical. Pilinis et al. [1995], McMurry et al. [1996] , and Hignett et al. [1999] all concluded that internal or external mixing is relatively unimportant when computing the total extinction due to aerosol. In reality, ambient aerosols likely exist in a state somewhere between completely externally mixed and completely internally mixed. Some investigators have hypothesized that reality is much closer to the internally mixed case [Pilinis et al., 1995] .
[27] In this section, we examine the effect of aerosol mixing state on the aerosol forcing using INDOEX data set. We first assume a completely externally mixed aerosol where each aerosol species is treated separately. Next, we assume a completely internally mixed aerosol where the complete aerosol system is treated as a single component. Volume weighted average refractive indices and single scattering albedos were used to estimate the optical and radiative properties for the internally mixed case. Surface forcing was about 2 W m À2 less for the internally mixed case compared to the externally mixed case. This difference is $6% of total surface forcing. TOA forcing is larger by $1.2 W m À2 , $12% of the total, for the internally mixed aerosol compared to the externally mixed case. The surface global fluxes from the two cases of mixing state agree within 0.5%. The maximum difference of $6 W m À2 was observed for overhead sun for both the global and the diffuse fluxes. Thus it appears that the mixing state of aerosols does not change aerosol forcing significantly. However, an aerosol in the form of a coated sphere made up of a solid inner core with an outer shell of different chemical composition may behave quite differently.
Role of Absorbing Aerosols
[28] The major absorbing aerosol components are soot and dust. Figure 2 indicates that soot contributes about 11% of the aerosol visible optical depth. Based on estimates of aerosol forcing by various aerosol species, soot appears to account for about 35% of surface forcing [Podgorny et al., 2000] . During the beginning of the last decade, aerosols were generally thought to cool the planet and thus partly offset greenhouse warming [e.g., Charlson et al., 1992; Kiehl and Breigleb, 1993; Shaw et al., 1998; Kiehl et al., 2000] . Recently, inclusion of realistic aerosol properties (including aerosol absorption) in models indicate that aerosols cause less cooling than was commonly assumed [e.g., Hansen et al., 1998 ]. Model calculations revealed that forcing can even be positive in the presence of absorbing aerosols [Haywood and Shine, 1995; Haywood and Ramaswamy, 1998; Haywood et al., 1999] . Using an assumed soot/sulfate mass ratio, Haywood and Shine [1995] found carbonaceous soot within the troposphere can significantly modify clear-sky radiative forcing and reported a positive global mean forcing. They also found that positive forcing due to soot in the Northern Hemisphere reduces the interhemispheric difference in sulfate aerosol forcing. Several field experiments have found substantial amounts of carbonaceous aerosols [Kaufman et al., 1998; King et al., 1999; Novakov et al., 1997 Novakov et al., , 2000 .
[29] The ratio (f s ) of surface forcing to TOA forcing is an indicator of the amount of absorbing aerosols . Absorbing aerosols increase surface forcing and decrease TOA forcing; resulting in an increase in heating of the atmosphere. Higher ratios imply greater quantities of absorbing aerosols. The composite aerosol system includes both absorbing and nonabsorbing components. In our aerosol system, the absorbing components are soot and dust. The observed surface to TOA forcing ratio is $3. This ratio is much higher than that for pure sea-salt aerosols, $1.3, indicating the presence of absorbing aerosols. The value of f s becomes $1.9 when soot is removed from the system and, similarly, becomes $2.8 when dust is removed. The hypothetical cases of sea salt only and sulfate only aerosols yields an f s of $1.3 and 1.6 respectively. Thus the value of f s can vary from $1.3 to $3.5 depending on the amount of absorbing aerosols. On the other hand, when the sulfate is removed, the value of f s increased to $4.4, since no major component offsets the absorption of soot and dust. Model estimates of aerosol forcing at the surface and TOA have shown that sulfate contributes more to TOA forcing while soot contributes more to surface forcing [Podgorny et al., 2000] . Elimination of the sulfate component in the model substantially decreases TOA forcing while having a relatively insignificant impact on surface forcing; thus increasing f s . [30] The bimodal nature of the aerosol size distribution indicates different aerosol sources contributing differently to the aerosol size. For example, the precursor gases emitted by anthropogenic activities form fine aerosols via gas-toparticle conversion processes, which contribute mainly to the submicron size. On the other hand, the aerosols produced by sea-spray or mineral dust contribute mostly to the supermicron size range. The effect of submicron and supermicron aerosols to the aerosol optical depth or radiative effects are different due to their size difference as well as their difference in chemical composition. The size distribution of accumulation and coarse mode aerosols are obtained by fitting unimodal lognormal distribution function to the submicron and supermicron modes separately. The accumulation mode thus obtained is mostly contributed by sulfates, ammonium, organics, soot and part of dust where as the coarse mode is contributed mainly by sea salt and part of dust. The single scattering albedo for the accumulation mode alone is estimated as $0.83 and coarse mode alone as $0.96. Table 4 shows the percent contribution in aerosol visible optical depth estimated for the accumulation and coarse mode separately at two representative wavelengths (0.5 and 1.0 mm). It can be seen that the major contributor at the visible region is accumulation mode aerosols and coarse mode shows little spectral variation and contributes significantly to the NIR wavelengths. The aerosol forcing (surface, atmosphere and TOA) estimated for the accumulation and coarse modes separately are also shown in Table 4 .
Interannual Variability
[31] Aerosols are produced by a variety of processes and are variable in space and time. Aerosol properties at any given time and location depends on the relative strengths of various sources and sinks. In this section, we examine the temporal variation of aerosol properties using observations at three ground stations. Since KCO was established in February 1998, well after the other sites; observations from the other stations are used to characterize interannual variability. Figure 9 shows the interannual variability in aerosol optical depth over this region. In all years, aerosol optical depth peaks during March to May. This peak is also observed at KCO. However, the magnitude of this peak depends on the air mass trajectory of the air parcel arriving at KCO. For example, during IFP-1999, most air parcels traversed the Bay of Bengal before coming to KCO, instead of crossing the west-coast of India as they did during 1998. Simultaneous observations at KCO and MCY during February and March, 1998 show higher optical depths at MCY compared to KCO. This is quite reasonable since MCY is much closer to the continent than KCO. Figure 9 also indicates that 1999 is not the only year during which the atmosphere over the Indian Ocean contained high levels of pollutants. For example, aerosol optical depths were high in 1996 and 1997 as well. The sun/sky radiometer observations made over the East Coast of United States in conjunction with TARFOX showed that the regional mean aerosol optical depth remained essentially constant for 1993 and 1996. Also, the lognormal aerosol size distribution parameters were almost identical for both years [Remer et al., 1999] . Therefore, inter-annual variations may depend on local meteorological dynamics and may not affect all regions downwind of major source regions equally. Further, a doubling in optical depth from one year to another does not necessarily mean pollutant emissions also doubled. Rather, an increase in optical depth may only imply that pollutants are transported more efficiently to a particular location. Long-term observations (more than 15 years) over Trivandrum show that there is a gradual increase in aerosol visible optical depth from $0.2 in 1986 to $0.4 in 1999 (see Figure 10 ) [Moorthy et al., 1999] . This means that aerosol optical depth increased on average $8% per year [Parameswaran et al., 1998; Moorthy et al., 1999] . This is not surprising as more than half of the world's population lives in Asia and economic developments in this region during the last decade resulted in huge increases in the number of industries and vehicles. For example, the number of vehicles increased from 2 million in 1970 to 38 million in 1998 (D. Chand, Physical Research Laboratory, Ahmedabad, private communication, 2001 . Industrial emissions and anthropogenic activities such as biomass burning have created severe air pollution (aerosol haze) over most of the Asian region. Many of these processes produce substantial quantities of soot aerosols. A recent study has clearly shown the anthropogenic impact of soot over Indian region [Suresh Babu and Moorthy, 2001] .
[32] The aerosol optical depth at KCO during 1999 was more than two times larger than during 1998 . The mean t a at 500 nm during 1999 was $0.4, while during 1998 the value was $0.16. The scattering and absorption coefficients also showed similar [33] In order to examine the seasonal variation of aerosol properties, the data is averaged into two sets: (1) average of November 98 to May 99 and (2) average of June 99 to October 99. The average values of aerosol optical depth and forcing are given in Table 5 . It can be seen that the difference is significant in visible wavelengths compared to near IR wavelengths indicating the anthropogenic impact during November to May period. The aerosol absorption is $15 W m À2 during anthropogenically influenced period and $1 W m À2 during monsoon period (pristine air mass).
Role of Winds
[34] From Figure 2 , it is clear that sea salt is a major contributor of natural aerosols (more than half of the natural). In this section we examine the role of sea-surface winds (which produce sea-salt aerosols) in modulating aerosol forcing.
[35] Observations of aerosol optical depth over tropical Indian Ocean show that aerosol optical depth increases with increasing sea-surface wind speed following an exponential relation of the form,
where t a is the aerosol optical depth at wind speed U, b is a constant called ''wind index'' and t 0 is aerosol optical depth at U = 0 . The value of b depends on wavelength; b = 0.12 for l = 0.5 mm and b = 0.18 for l = 1.02
mm . Since the production of aerosol species other than sea salt does not depend on wind speed, the enhancement of aerosol optical depth with increased surface wind speed is attributed to the local production of sea-salt aerosols. Comparison of aerosol optical depth and wind speed at KCO shows a similar correlation. However, the aerosol optical depth did not increase as rapidly with wind speed at KCO as in the previous study. The results are shown in Figures 11a and 11b .
[36] As wind speed increases two effects compete and determine aerosol forcing at the surface. Increased sea salt aerosols raise the single scattering albedo and increase the optical depth. Higher single scattering albedos decrease surface forcing efficiency, while greater optical depths increase forcing [Podgorny et al., 2000] . Alternately, at TOA, increases in both single scattering albedos and optical Figure 9 . Interannual variation in aerosol optical depth. For the period prior to the KCO establishment (February 1998) , the data from a nearby island, Minicoy island, are used. Figure 10 . Long-term variations in aerosol optical depth from 1986 to 1999 measured at Trivandrum. depth increases aerosol forcing. A sea-surface wind speed increase from 0 to 15 m s À1 results in aerosol forcing at the TOA (negative) being enhanced by $6 W m s À1 (i.e., larger negative value) [Satheesh, 2002] . In addition, surface winds have a significant role in determining the chemical composition of aerosols and hence the surface and TOA forcing. Model estimates of aerosol forcing in clear and cloudy skies have shown that aerosol forcing at the TOA decreases as cloud cover increases and can be positive when cloud coverage exceeds $25%. A reflecting cloud layer causes both aerosol scattering and absorption effects to be amplified due to the multiple interactions of the radiation reflected back by clouds or between clouds and the surface. Thus the effect of the sea-surface winds is to offset (as the TOA forcing by sea-salt aerosol is negative or in other words net effect is cooling) part of the heating by soot aerosols.
[37] For many remote marine regions, sea-salt aerosols constitute most or nearly all of the total aerosol mass. In this case, any increase in sea-salt optical depth will be equal to the increase in total optical depth. Thus b (sea salt) is equal to b (total or composite aerosol). However, in a location where other aerosol types are important, such as KCO, where sea salt constitutes only 17% of total optical depth, any increase in sea salt will not change the total optical depth at the same rate. In this situation, b (total) < b (sea salt). This trend is consistent with the observed values of b at KCO-98, KCO-99 and MCY (Figure 11 ).
Aerosol Forcing Over Land
[38] The results reported so far were for observations over the ocean. The most significant differences between ocean and land as far as this study is concerned are the differences in specific heat capacities and surface reflectance. Land responds to surface radiation flux changes much more quickly than the ocean because of its lower heat capacity. However, during INDOEX, no calibrated surface flux measurements were made over land. Therefore, we present here a sensitivity study of the effect of aerosols over land in contrast to that over the ocean to assess the impact of aerosols over land. Aerosol concentrations tend to increase when approaching coastline from the open ocean Jayaraman et al., 1998 Jayaraman et al., , 2001 . Since the sources of anthropogenic aerosols are located primarily on land, the concentrations of anthropogenic aerosols tend to be much larger over land than the open ocean. Unfortunately, no aerosol chemical composition measurements are available over the Indian continent during the study period. Consequently, we assume the same aerosol chemical composition for pollutant aerosols (from KCO observations) over land for this sensitivity study. One important disparity between land and ocean is the difference in surface albedo (reflectance). The average ocean albedo is $6%, while over land it ranges from 15 to 35% or even more. Here we assume the extreme case of an albedo of $35% to assess radiative forcing over land. The incorporation of the same aerosol composition into the radiative transfer model shows that TOA forcing is positive over land. Aerosol forcing values over ocean and land are presented in Figure 12 . The surface, atmospheric and TOA forcing implies an enhancement in lower atmosphere heating over land by about 40% simultaneous with a reduction of $33% in surface cooling compared to that observed over ocean.
Summary and Conclusions
1. Extensive measurements of aerosol chemical and microphysical properties along with radiative fluxes were carried out in the haze plume off the Indian subcontinent.
2. The modeled and measured radiative fluxes at the surface and TOA showed good agreement when the measured aerosol properties (including absorbing components) are specified in the radiative transfer model. We did not need to invoke anomalous absorption to accurately model diffuse fluxes. Figure 11 . Spectral variation of wind index and wind independent aerosol optical depth.
3. Aerosol mixing state (internal versus external mixtures) was found to be unimportant to radiative fluxes and aerosol forcing. However, if the aerosol exists as concentric spheres of disparate materials, the effect may be significant.
4. Anthropogenic sources contribute more than 70% to the aerosol visible optical depth.
5. Interannual variability in aerosol optical depth and forcing are significant.
6. Comparing observations at KCO, Minicoy and over the open ocean, indicates that increasing surface winds which produce higher concentrations of sea salt aerosols partly offsets the warming caused by absorbing aerosols.
7. A sensitivity study of the effect of aerosols over land versus over the ocean shows an enhancement in lower atmosphere heating by about 40% over land and a simultaneous reduction of $33% in surface cooling.
